Identification of the molecular targets for post-translational modifications is an important step for explaining the regulated pathways. The ubiquitin-like molecule NEDD8 is implicated in the regulation of cell proliferation, viability and development. By combining proteomics and in vivo NEDDylation assays, we identified a subset of ribosomal proteins as novel targets for the NEDD8 pathway. We further show that the lack of NEDDylation in cells causes ribosomal protein instability. Our studies identify a novel and specific role of the NEDD8 pathway in protecting a subset of ribosomal proteins from destabilization.
INTRODUCTION
Despite the close relationship between ubiquitin-like molecules and ubiquitin, modification of proteins by ubiquitin-like molecules has distinct biological effects (Kerscher et al, 2006) . Genetic experiments have shown a clear role of the ubiquitin-like molecule NEDD8 in cell proliferation, viability and development. At the molecular level, the most well-characterized substrate for the NEDD8 pathway is the cullin family of proteins (Pan et al, 2004) . Cullins are scaffold components of the SCF ubiquitin ligase (Skip-1, cullin, F-box), which controls the ubiquitination and proteasomal degradation of proteins involved in cell-cycle regulation (p27 and cyclin E), transcriptional regulation and signal transduction (IkBa, b-catenin) , O 2 regulation (HIF1a), and centrosome and cytoskeletal regulation (Pan et al, 2004) . NEDDylation of cullins modulates the ubiquitin-ligase activity of the complex, resulting in increased ubiquitination and proteasomal degradation of the substrates (Pan et al, 2004) . Recently, the MDM2 oncogene product, the p53 tumour suppressor protein and its homologue p73, the von Hippel-Lindau protein, the epidermal growth factor receptor and the breast-cancer-associated protein 3 were identified as substrates for NEDDylation (Stickle et al, 2004; Xirodimas et al, 2004; Gao et al, 2006; Li et al, 2006; Oved et al, 2006; Watson et al, 2006) . This indicates that proteins other than cullins might be targets of the NEDD8 conjugation pathway. Therefore, identification of new NEDD8 substrates will greatly advance our knowledge of the molecular pathways that are regulated by the NEDD8 modification machinery. We performed a proteomic analysis to identify new NEDD8 substrates, and our data show that, among other proteins, 36 small and large ribosomal proteins are potential NEDDylated substrates. Using in vivo and in vitro approaches, we show the covalent modification of five out of six of the ribosomal proteins tested. By inhibiting NEDDylation in cells and blocking the proteasome function, we show that the NEDD8 pathway specifically modulates the stability of ribosomal proteins in cells.
RESULTS AND DISCUSSION
To allow the proteomic identification of proteins modified with NEDD8, we generated stably transformed HeLa cells expressing a tandem affinity purification (TAP)-tagged version of NEDD8 ( Fig 1A) . We used TAP, which has the advantage of two sequential purification steps, thus providing extra specificity (Rigaut et al, 1999) . TAP-NEDD8 conjugates were purified as described in Methods, and a Coomassie blue-stained SDS gel of this purification is shown in Fig 1A. The whole gel track was cut into 15 individual gel slices and each gel slice was analysed for peptide identification by mass spectrometry (MS/MS; see Methods). In this way, we could identify proteins in a defined molecular weight range. As a control, we performed purification using HeLa cells stably expressing the TAP tag only (Fig 1A) . Proteins that were present in the TAP-NEDD8 analysis but not in the TAP-only control were selected. From the list of proteins, a range of cullin family proteins and free NEDD8 protein were identified (Table 1 ). Other components of the NEDD8 conjugation pathway, such as the E2 conjugating enzyme UBC12 and the regulatory subunit of the E1-activating enzyme (NAE1/ APPBP1), were also in the list of identified proteins (Table 1) . This shows the validity of the purification approach and indicates that the rest of the identified proteins are likely to be NEDD8 substrates.
The complete list of proteins (supplementary Fig S1 online) shows that NEDD8 modification could have a role in processes such as messenger RNA splicing, DNA replication and repair and proteasomal degradation, suggesting a more diverse than previously thought proteome for NEDD8 conjugation. Out of the 75 proteins identified, 36 were small and large ribosomal proteins (Table 1) . Ribosomal and NEDD8 protein peptides were identified in gel slices much higher than their predicted molecular weight (slice 1; Fig 1A) , further indicating the post-translational modification of ribosomal proteins, possibly with NEDD8. However, the purification method used for the isolation of TAP-NEDDylated proteins cannot exclude the possibility that non-covalent interactors with NEDD8 or with NEDDylated proteins are co-purified. To validate these identifications and to distinguish between covalently modified substrates and possible non-covalent interactors with NEDD8, we used an in vivo NEDDylation assay. This involves coexpression of the protein of interest with a His 6 -tagged version of NEDD8. After purification of His 6 -NEDDylated species, modification of the target protein is monitored by western blotting. The purification is performed under highly denaturing conditions to protect the modified substrates from de-conjugation and also prevent any non-covalent interactions. Using this approach, we show in Fig 1B ( Ni 2 þ pull-down) the covalent modification of ribosomal protein L11 with NEDD8. This modification could also be detected in total cell extracts, representing a small fraction of the total pool of L11. Modification of proteins with ubiquitin and ubiquitin-like molecules is a reversible/regulated process due to the action of proteases, which remove the attached molecule from the substrate. Structural and biological studies have shown that NEDP1/DEN1/SENP8 is a highly specific de-NEDDylating enzyme and does not result in deconjugation of ubiquitin or SUMO1 from substrates in vivo (Mendoza et al, 2003; Xirodimas et al, 2004; Reverter et al, 2005; Shen et al, 2005; this study; supplementary Fig S2 online) . This provides a highly specific tool to study the role of a conjugation pathway in a biological process. Expression of NEDP1 resulted in the loss of L11 immunoreactivity in the Ni 2 þ pull-down and of the modified form observed in the total cell extract (Fig 1B) . To confirm further that the modified form of L11 isolated in the Ni 2 þ pull-down is NEDDylated L11, we purified His 6 -NEDD8 eluates from cells transfected with constructs expressing His 6 -NEDD8 and Flag-L11 ribosomal protein. These eluates, which potentially contain only the NEDDylated form of Flag-L11, were treated with high-purity recombinant NEDP1. As shown in Fig 1C, treatment with NEDP1 resulted in deconjugation of modified L11, as measured from the shift to the unmodified state. To detect the modification of L11 with endogenous NEDD8, we tagged L11 at its carboxyl terminus with SV5 and His 6 (L11-SV5-His 6 ) to enable Ni 2 þ purification of L11 under highly denaturing conditions, which would favour the detection of the modified form of L11. As shown in Fig 1D ( upper panel) , under these experimental conditions L11-SV5-His 6 was expressed as a small fraction of the endogenous L11. Western blot analysis of the Ni 2 þ -purified L11 with SV5 and NEDD8 antibodies shows L11 modification with endogenous NEDD8 (Fig 1D, lower panel) . Coexpression of NEDP1 reduced the levels of the modified form of L11. The above data show the covalent modification of L11 with ectopic and endogenous NEDD8.
Using the in vivo NEDDylation assay and the NEDP1 protease, we tested the NEDDylation of small ribosomal proteins S3, S7 and S20 and large ribosomal proteins L5 and L7, all of which were present in our list of identified proteins. All tested ribosomal proteins with the exception of L5 are modified with NEDD8 ( Fig 1E) . This strongly suggests that most of our identified proteins are genuine NEDD8 substrates. The lack of NEDDylation for L5 also shows that the list of proteins generated by the TAP-NEDD8 purification might represent not only the covalently modified NEDD8 substrates, but also possibly the non-covalent interactors with NEDD8 or with NEDDylated substrates.
Recent quantitative proteomic studies on the nucleolus showed that the localization of ribosomal proteins is dynamic, responding to different growth conditions. In particular, significant changes in the nucleolar localization of a subset of ribosomal proteins were observed after treatment with transcription inhibitors such as actinomycin D (ActD) and the proteasome inhibitor MG132 (Andersen et al, 2005) . Our previous studies showed that inhibition of the proteasome function by MG132 resulted in increased modification of p53 with NEDD8 (Xirodimas et al, 2004 ). Therefore, we tested whether NEDDylation of ribosomal proteins is also subject to similar regulation. Treatment of cells expressing TAP-NEDD8 with MG132 resulted in a general increase of NEDDylated substrates ( Fig 1F) . Within this global increase, we observed an increase of NEDDylation for all tested ribosomal proteins with the exception of S7, in which MG132 caused a small decrease (Fig 1E) . This indicates a potential link between the levels of NEDDylation of ribosomal proteins and proteasome-mediated degradation and that NEDD8 might also have diverse roles in controlling the function of ribosomal proteins. This potential link between NEDDylation and proteasomal degradation is supported by the observation that, among our identified proteins, ubiquitin was present with a high confidence score. We validated this observation by purifying NEDDylated proteins and western blotting for ubiquitin. As shown in Fig 1F , ubiquitin is present in the NEDDylated eluates and, as with NEDD8, is increased after inhibition of the proteasome with MG132. This is consistent with our previous findings in which NEDDylated p53 was also modified with ubiquitin and suggests that modification of NEDDylated proteins with ubiquitin might be more common than originally suspected. These observations are also consistent with the idea that NEDD8 and ubiquitin might co-regulate proteasomal degradation of a subset of proteins.
The above qualitative changes to ribosomal protein NEDDylation detected by western blotting were also confirmed by quantitative proteomics. We used stable isotope labelling with amino acids in cell culture as a method to quantify changes in the NEDD8 proteome. We metabolically labelled the TAP-NEDD8 HeLa cells with either [ 12 C]arginine or [ 13 C]arginine and these cells were either untreated ( 12 C) or treated with MG132 ( 13 C). Western blot analysis confirmed the global increase in NEDDylation after MG132 treatment (Fig 1G) . The samples were then mixed in a 1:1 ratio, and TAP-NEDD8 purification and proteomic analysis were performed as before. Quantification of the data confirmed that both NEDD8 and ubiquitin conjugation are increased after MG132 treatment. An increase in the components of the pathway, such as UBC12, and of the cullin proteins was also observed. However, MG132 had a differential effect on ribosomal protein NEDD8 modification. For the ribosomal proteins presented, for which we obtained peptides in both the 12 C and 13 C states, MG132 treatment caused an increase in 
Actin Fold change (log NEDD8 modification for some ribosomal proteins, whereas for some it caused a decrease ( Fig 1G) . Therefore, the combination of western blot analysis and quantitative proteomics shows that MG132 can differentially affect NEDD8 modification of ribosomal proteins. The data from the MS/MS analysis can also be analysed to identify modified lysine residues. Trypsin digestion results in peptides in which the modified lysines are linked to a di-glycine (-GG), which is regarded as a modification signature (Kirkpatrick et al, 2005) . Our search resulted in the identification of a NEDD8 peptide with a -GG signature on lysine 48 (Lys 48; supplementary Fig S3 online) , showing that Lys 48 in NEDD8 can be used for the formation of chains. In ubiquitin, linkage through Lys 48 is regarded as the signal for targeting the modified substrate to the 26S proteasome. However, because NEDD8, ubiquitin and ISG15 all produce the same -GG signature, our data cannot indicate which molecule is attached to NEDD8 Lys 48.
The data presented in Fig 1E suggest a link between NEDD8 conjugation and stability of ribosomal proteins. To gain further insights into the biological role of the endogenous NEDD8 pathway in the stability of ribosomal proteins, we used NEDP1 as a tool to specifically prevent modification of substrates with endogenous NEDD8. As shown in Fig 2A, expression of NEDP1 decreased the levels of ribosomal protein L11. Treatment of cells with MG132 increased the basal levels of L11 and inhibited the decrease caused by NEDP1 expression. In an independent experiment, we addressed the specificity of NEDP1 expression on Ribosomal protein S11 79 9 gi74506681
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NAE1/APPBP1, NEDD8-activating enzyme E1 subunit 1. L11 protein levels by testing the effect of SENP6, a SUMO-specific protease that belongs to the same family of proteases as NEDP1. As shown in Fig 2B, SENP6 (and SENP2 protease; data not shown) had no effect on L11 levels, whereas NEDP1, as before, resulted in reduced levels of L11. To test further the biological significance of the NEDD8 pathway on the levels of L11, we used a well-established biological system (Chinese hamster ovary (CHO), TS-41 cells) in which the APPBP1 gene (its product is one of the components of the NEDD8 E1-activating enzyme) carries a temperature-sensitive mutation. As shown in Fig 2C, growing the TS-41 but not the parental CHO cells at the restrictive temperature (39 1C), at which the NEDD8 pathway is defective, resulted in decreased levels of endogenous L11. A similar reduction in L11 levels was observed after knockdown of APPBP1 with short interfering RNA (siRNA; Fig 2D) . The above results indicate that prolonged de-NEDDylation in cells results in decreased levels of L11.
To determine whether the reduction of L11 protein levels under these conditions was due to changes in the protein stability of L11, we measured the half-life of L11 using cycloheximide. As shown in Fig 3A, expression of NEDP1 decreased the half-life of L11. We also performed the same experiment for the ribosomal protein L5, which is not modified with NEDD8. Our data show that L5 is a more stable protein than L11 and that expression of NEDP1 did not decrease its half-life (Fig 3A) . Similar results were obtained when we measured the half-life of L11 and L5 by [ 35 S]methionine pulse chase (supplementary Fig S4 online) . Consistent with the protective role of NEDD8 in ribosomal protein stability, comparison of the half-life of the NEDDylated form with that of the unmodified form of L11 showed that the modified form is more stable (Fig 3B) . This also indicates that direct modification with NEDD8 controls the stability of L11.
Our findings indicate that the lack of NEDDylation in cells causes protein instability in a subset of ribosomal proteins. To test whether the lack of NEDDylation caused ribosome biogenesis stress, which might decrease ribosomal protein levels, we performed ribosome profiling under de-NEDDylating conditions. For this, we transfected cells with the NEDP1 protease using Fugene to ensure high transfection efficiency (490%). Consistent with our previous results, expression of NEDP1 reduced the levels of endogenous L11 (Fig 4A) . However, under these conditions, we did not observe any significant changes in ribosome profiling (Fig 4B) . Similar results were obtained using TS-41 cells at the permissive and restrictive temperature (supplementary Fig S5  online) . This is consistent with previous studies in which reduction of the levels of L11 by siRNA did not have any effect on ribosome production (Bhat et al, 2004) . As a control, we treated cells with low doses (5 nM) of ActD. At these doses, ActD is believed to specifically inhibit RNA polymerase I and ribosomal RNA production and is predicted to cause ribosome biogenesis stress. As shown in Fig 4B, C, ActD inhibited both rRNA and ribosome subunit production. Therefore, the reduction in the levels of L11 under de-NEDDylating conditions is not due to ribosome biogenesis stress. These data also suggest that, at least for the experimental time frame used in this study, the levels of ribosomal proteins are not a limiting factor for the production of ribosomes.
Ribosome biogenesis is an active process and it occurs in the nucleolus. Ribosomal proteins are imported from the cytoplasm to the nucleolus, where they form a complex with rRNA to construct ribosome subunits as part of the mature ribosome (Olson & Dundr, 2005; Hernandez-Verdun, 2006) . Studies on the dynamics of nucleolar proteins showed that ribosomal proteins are shuttling between the nucleolus and the nucleoplasm (Chen & Huang, 2001) . In more recent studies, by combining real-time microscopy and quantitative mass spectrometry, it was shown that the highly mobile fraction of ribosomal proteins in the nucleoplasm is unstable and possibly degraded by the 26S proteasome. It was also shown that, compared with other ribosomal proteins, L5 was stable and showed a slow accumulation in the nucleolus (Lam et al, 2007) . Our data support a model in which the NEDD8 pathway protects a group of ribosomal proteins from degradation, possibly through the 26S proteasome. An opposite role for NEDD8 in controlling protein stability is proposed for cullins, in which the lack of NEDDylation protects cullins from degradation (Wu et al, 2006) . Our studies suggest that the NEDD8 pathway can have differential roles in regulating the stability of its molecular targets. Identification of the components and signals that control NEDDylation of ribosomal proteins will provide insights into the mechanism by which the NEDD8 pathway protects ribosomal proteins from destabilization.
METHODS
In vivo NEDD8 assay. The assay was performed as described previously (Xirodimas et al, 2004) . Unless otherwise stated, H1299 cells were transfected with 5 mg of plasmids expressing HA-S3, HA-S7, HA-S20, Flag-L5, HA-L7, Flag-L11, NEDP1 or SENP6, as indicated. A 2 mg portion of His 6 -NEDD8 was used. His 6 -NEDDylated proteins were purified as described previously (Xirodimas et al, 2001) , and modified target proteins were detected by western blotting using the appropriate antibodies. Where indicated, MG132 was applied at 30 mM for 4 h before cells were collected. For the modification of L11-SV5-His 6 with endogenous NEDD8, 4 Â 10 cm dishes of 80% confluent H1299 cells were transfected using Fugene 6 with or without 1 mg/plate of L11-SV5-His 6 or NEDP1, as indicated. Twenty per cent of the cells were lysed with 2 Â SDS sample buffer and the rest were used for The signals were quantified and presented as percentage difference in intensity. (B) Flag-L11, His 6 -NEDD8 and b-gal constructs were transfected and an experiment with CHX was performed as above. Cells were collected and used for either Ni 2 þ pull-down or direct western blotting. Quantification of signals from five independent experiments was performed as above.
NEDD8 conjugation of ribosomal proteins D.P. Xirodimas et al after transfection, cells were lysed in 2 Â SDS sample buffer and protein analysis was performed as above. Supplementary information is available at EMBO reports online (http://www.emboreports.org). After 36 h, cells were collected and 10% of the cells were used for 2 Â SDS lysis and western blotting. Endog., endogenous. (B) Cytoplasmic extracts from the remaining cells were isolated and used for ribosome profiling as described in the Methods (Strezoska et al, 2000) . H1299 cells were treated with 5 nM actinomycin D (ActD) overnight before analysis. (C) Cells transfected as in (A) or treated with ActD as in (B) were used for RNA isolation and samples were analysed in an ethidium bromide agarose gel.
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